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9PPEKTbI HAPYIIEHUA CPT- U JIOPEHII-UHBAPUAHTHOCTH
B BOAOPOAOIIOJOBHBIX ATOMAX
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B nHacrosimeir pabGore ucciaeayercss MpUOIMIKEHHOe pemieHue ypaBHeHus J{upaka nus
3JIeKTPOHA B LIEHTPAJbHOM NOTEHIHAaJe, B YAaCTHOCTH B moTeHuuane Kynona, B cayuae
HapyIIeHNs JIOPEHI[-MHBAPUAHTHOCTH. BhIBeJeHO KBA3MPEAITUBUCTCKOE MPUOINIKEHUE IJIs
ypaBuenus J{upaka Bo BHemHeM mnoje. [lonyuena acummerpusi JuarpamMmbl HarpaBJIe€HHO-
CTH CIIOHTAHHOTO M3JyYeHUS [Js MMOJSIPU30BAHHOIO ATOMA BOXOPOAA.

BBenenue

CrannapTHasi MOJesb HA CETONHSIIHUN IeHb UMeeT
MHOKECTBO 3IKCIEepPHMeHTabHBIX MoaTBepxaAeHuH. Ofn-
HaKO OHa He BKJIOUaeT B ce0s KBAaHTOBOE ONHCAHHE
TPaBUTALMOHHOTO B3aUMOJIeHCTBHs. MeTonbl KBaHTOBa-
HUSI, TIPUHSITBIE B CTaHIAPTHOH MOJEJH, He MO3BOJSIOT
NPOU3BECTH HeNMpoTHBOpeunBoe KBaHTOBaHMe OTO —
MoJTyueHHast TEOPUsl 0KA3bIBAETCS HEMlePeHOPMHUPYEMOH.
[TosToMy oOCTaeTcst OTKPBITBIM BOIPOC O TOM, Kakas
TEOPUS] OMUCBHIBAaeT (U3UKY Ha TJIAHKOBCKUX Mac-
mrabax, THe CYIUIeCTBEHHBIMH CTaHOBATCS 3((HEKTH
KBaHTOBOH TpaBHTallMH. B TO ke BpeMsl CYIIECTBYIOT
KaHAMAATHl HA POJIb TaKOH TEOPHH, YIOBJIETBOPSIOLIME
NPUHLMITY COOTBETCTBUS MO oTHomieHHI0 kak K OTO,
TaK U K CTAHJAPTHOH MOJesH, HAalpHUMep Teopusi Cy-
mepcTpyH.

[lnaHKOBCKME 3HEPTrHH TMOKa 3IKCTepPUMeHTabHO
HeIOCTHKUMBI, IO3TOMY [JIs HCCJIEN0BAHUS TAKHUX T€O-
pUil TP HU3KHUX 3HepPTHsX Oblia pa3paboTaHa paciiu-
pennasi crangaptHasi monesnb (SME) — addekruBHas
Teopusi, QopmysaupyeMass B BHIe Habopa MOMNpPaBOK
K CTaHJapTHOH MOJEJH, OTPaHUYEHHOTO <«eCTeCTBeH-
HbBIMH» TpebGoBaHusMU [1, 2], TakUMH, KaK JIOKaJbHas
SU@3)¢ x SU(2); x U(1l)y kanubpoBouHasi HHBapUaHT-
HOCTb, YHUTAPHOCTb, EPEHOPMUPYEMOCTh, COXpaHEHHe
SHePTUH-UMIyJIbca U T. M. Kaxaas nmomnpaBka BK/JIHOYaeT
B ceOs (mceBmo)TeH30pHYI0 KoHCTaHTy (SME-KoHCTaH-
TY), CBEPHYTYIO C TOJNSMH W3 CTaHAAPTHOH MOJeJH
M UX TPOU3BOAHBIMU. Hanuuue HeHyseBBIX 3HAueHHH
SME-koHCcTaHT B BakyyMme MPUBOIMT K HapyLIeHUIO
JopeHI-uHBapuaHTHOCTH U CPT-ueTHOCTH.

Henasro Oblo mokaszano [3-6], uyTo ¢yHma-
MeHTaJIbHble TEOPHH 3a paMKaMH CTaHIapTHOH Mo-
Ied  JIOMYCKAIOT CIOHTAHHOE HapylleHHe JIOPeHII-
MHBAPUAHTHOCTH, TPHUBOAS K OJHOMY H3 BapHaHTOB
SME. Iloatomy wuccnenopanue SME sBasietcss ono-
CpPelIOBaHHBIM HCC/IeIOBAHHEM 3THX (DYHIaMeHTabHBIX
TEOPHH.

BecbMa mepcreKTUBHBIM SIBJISIETCS] U3YUeHHe CJIe/I0B
Hapyumenuss CPT-4yeTHOCTH W JIOpeHI-HHBAPUAHTHOCTH
B aTOMax, KOTOpPOe MOXKET MPHUBOIUTD, HATIpUMep, K Ha-

PYLIEHHIO TIPOCTPAHCTBEHHOH UYETHOCTH. DTO SIBIEHHE
UMeeT MEeCTO M B paMKax CTaHJApPTHOH MOIEJH, TIe
ero BbI3bIBaeT csaaboe B3aumonerictBue [7-11]. B pe-
3y/JbTaTe CTAHOBSITCS BO3MOXKHBIMH TakHe 3((eKTH,
KaK pe30HaHCHBIH JMXPOW3M rasa, pa3pelleHHe paHee
3ampelieHHbIX aTOMHBIX TepexonoB W T. 1. [loxoxue
3(h(eKThl ecTeCTBEHHO 0XKUJAATh U B pamkax SME.

Tem He MeHee 0 CHX MOp HCCJAEIOBAHHS aToMa
B OCHOBHOM KAaCaJICh CIIEKTPOCKONHNYECKUX MpecKa-
3aHMH C WCMOJb30BAaHHEM TEOPUM BO3MYIIEHHH TI0
SME-nonpaskam [12-15]. Tlpsimoe pemenue 3amaun
0 COOCTBEHHBIX COCTOSIHHSIX aTOMa TO03BOJIUJO Obl HC-
CJIeIOBATh TaKyKe ero pajHalHoOHHBIE CBOWCTBA. B Ha-
crositiell paboTe MPOW3BOMUTCS MPUOKEHHOE pelle-
HUe 3TOH 3aJa4M U B KaueCTBe NPUMepa paccMaTpHBa-
ercsi 3(h(PeKT acUMMETPHUH AHWarpaMMbl HampaBJeHHO-
CTH CHOHTAHHOTO W3JyueHHs MOJSPU30BAHHOTO aTOMa
BOZLOPOLIA.

1. Ucniosnib3yemasi MOeJb

Mbur 6ynem pa6oTaTh B paMKaxX paclIdpeHHOH 3Jek-
TPONMHAMMKH 3JIEKTPOHOB U (POTOHOB C JIaTrPAHKHAHOM

1 - .
L= —ZFWF’W + (Vy"Du — M, — u’y“%) i, (1)
D, =0, +ieA,(x), (2)
rme e, m, — 3apsii M Macca ajekTpoHa, xH ={ct,r},
a b* — CPT-HeueTHBIH MOCTOSIHHBIH TICEBIOBEKTOP.

CoBpemeHHble OLEHKH Il b, [/l 3JeKTPOHA MMEIT
Bup [13, 15, 16]

| bo| < 10725B, (3)
|6] < 1071958, (4)

a 1S HYKJOHOB OLEHKH b, CTpPOXe Ha HeCKOJ/b-
KO TOPSIAKOB. DymeM HCMO/b30BaTh ONHOUACTHUHOE
NpUOHKEHHe [JIST 3/JeKTPOHA, T.e. PeNTHBUCTCKYIO
KBaHTOBYI0 MexaHWKy. M3 garpamxkuana (1) MoxKHO
MOJYYUTh FaMUJIBTOHUAH 3JIEKTPOHA BO BHEIIHEM TM0JIe

Ht)=oa - -P+pBm, +eAg(# t) +byys +b- %, (5)
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rne P =p — eA(#,t). Beenem onepatop P-ueTHOCTH
B CITHHOPHOM TpeJCTaBleHUN

PE(r,t) =% (-r,1), (6)
rorma Pt = P, PP = PZ=1. Tamusibronuan
(5) KomMMyTHpPyeT ¢ 3THM  ONEPaTopoM, KOria
Ao(r,t) = Ag(—r,t), A(r,t) = —A(—r,t) u by=0.

Hanpumep, koHcTaHta by HapylaeT P-ueTHOCTb ra-
MUJIbTOHHAHA (D) B IEHTPasbHO-CHMMETPUYHOM IOJe
At ={¢(r),0}, B 9aCTHOCTH B KYJIOHOBCKOM IOJIe SIIpa

p(r) = ——. (7)

3apsimoBoe coMpsiKeHHe TaMHUJAbTOHWaHa (D) MPUBOAUT
JMIIb K 3aMeHe 3HaKa 3apsiia e Ha MPOTHBOTIOJOXKHBIH,
MO3TOMY aTOMbl BOJOPOAA W AHTHUBOAOPOAA 00/ANAIOT
5KBHBAJIEHTHOH NMHAMHUKOH naxe mpu b, #0. B cuny
CKA3aHHOTO BhIIIe OCHOBHOH Hall HMHTepec Kacaercs
MCC/IeIOBaHNSI HOBBIX CBOKCTB aToMa BOLopona, o0y-
CJIOBJIEHHBIX by # 0.

2. KBa3upeasaTHBHCTCKOE MPUOIMIKEHUE
B ypaBHenuu Jlupaka npu b, # 0

B stom pasmene mbl Oymem passiaraTh ypaBHEHHE
Hupaka B psim no 1/c mo BTOpoOro mopsiika MaJioCTH,
MO3TOMY 3amuilieM TamMujbToHHAH B eaunHunax CI'C,
Tlle KOHCTAHTa ¢ He paBHA eqUHMULE!

ﬂzca-P+Bm602+eA0+cb0’y5+b-Z‘, (8)

a P= p—%A(r,1). Kak Bunum, by BHIGpaH MMEIOMIMM
pa3MepHOCTb UMITYJ/Ibca. DTO CIEJNAHO MJIsi TOr0, YTOObI
BKJaAbl B [%ﬁ, comepxame by u b, ObLIM OLHOTO
nopsinka no 1/c. PaccmoTpuM HecTalnnoHapHOe ypaBHe-
nue Jlupaka B HecTalHOHAapHOM BHeliHeM nosie A, (x):

w00 e, ©)

jw* (r, tw(r, Hddr=1.

Ham BeiBom OymeT aHasornyeH TpeacTaBIeHHOMY
B [17, § 33]. Jlns Hauasa mpuMeM SHEPTHIO TOKOS M, C>
3a HyJIb HEPTHH, ClesaB YHUTApHOe Tpeobpa3oBaHue

_mec? u
wzexp{—z 4 t} (v)

Torna nomyuaercs cuctema ypaBHeHHH Ha CIHHODPH U

" u:
A cA u
P =0,
cA X =2m,c? v
A=o-P— b, 5\E€A0+U-b—ih%.

By;[eM CUUTATh, UYTO 3JIEKTPOH HAXOAUTCH B IMOJOXKH-
TE€JbHO-HAaCTOTHOM COCTOSIHMH, 4 BHEIIHHE IT0JIA J0CTa-

(10)

(11)

(12)

(13)
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TOUHO cy1abbl, Tak uto P = 0(c0), ih% —edy=0(")

npu medcTBUM Ha u,v. Torma BTopasi ctpoka (12) maet

b 1+ A Au+0(1/c"). (14)
2m,c?

2mec

Beenem nByxkoMnoHeHTHuIH cnuHop ®(x) € C?, 4To6wI
COXPaHHUTh HOPMY:

AQ
B(x) = (1 + W) u, (15)
J¢de3r=J¢T¢d3r+O(l/03). (16)

[Ipu sTOM, BOOOIIE TOBOPS, «IIIOTHOCTb BEPOSITHOCTH»
®T® ornmuaercs or iy Ha craraemoe nopsamka 1/c?,
npeacTapisiollee COO0H MOJNHYIO IUBEpPreHINel0, UTo
SIBJISIETCS] CJIEICTBHEM HAJMUHs OTPUIATENbHO-UACTOT-
HBIX COCTOSIHHMH (Tak HasbiBaeMbix Zitterbewegung).

Bolpaxast Tenepb u U v uepe3 ¢ ¢ ucnosb3oBaHHEM
(14) u (15), 3anuuem BepxHIOK cTPoky (12):

0dut+chomdit—Af1+-2Valx
2m, 2m,c?

AQ
12>
X 8m2c?

3amuceiBast 3TO ypaBHeHHe cHauasla B 1/c-mpubianixe-

HUH, BbIpasuM AP yepes AP u moxcraBuM pesysabraT

obpatho B (17), Torma mosyuntcsi ypaBHeHue Jlupaka
2 .

B 1/c”-npubnuxenun npu b, #0:

A2 A?
{A+ e (1 — 4m262) ~ i [[A,A],A]}@:

=0(1/c%). (18)

) ®+0(1/c%). (17)

Kommytarop [[A, A],A] ue conepxur onepatopa 9/0t,
TaK 4YTO B TMOC/JeIHEeM YypPaBHEHHM TPOU3BOAHAS [0
BpeMeHH COIePIKHTCS TObKO B IEPBOM CJlaraeMoM. To
103BOJISIT 3aMHCaTh KBA3UPENSATHBUCTCKUH IaMHJIbTO-
HHaH

l/‘lW =hd, (19)
h= ;_I”Z (1 - 45;02> - QiZCO'H—Fa'b+eA0 -
483 = o|EP] - %divB—%,

(20)

2 = I1* - 263 = P? + b — 2byo - P, (21)

II=P—pyo. (22)

DTOT raMHJbTOHWAH 3PMHUTOB, a COOTBETCTBYIOLIEE
ypaBHEeHUe JIOKaJbHO KaJHUOPOBOYHO-MHBAPUAHTHO.
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B 1/c-npubnuxenuu nosyuaetcs ypaBHenue [lay-
JIM, TI03BOJISIIOIlee HAliTH BhIpakKeHHe AJIS ToKa U TJIOT-
HOCTH BepOSITHOCTH

7185& — hp®p, (23)
. I* b eh
hp 2me T 2mecaH+ eAy + ob, (24)

| 1 ; A
= {C@L@p, s (Bh(POr) + (PO 2p) -

b

- m—oe@,tcr@p}, (25)
T.€. K TOKy BepoaATHOCTH npu b, =0 nossisercs no-
6aBka, 3aBucsas ot cnuHa. [losyueHHBIE pe3ynbTaThl
COBMAJAIOT B CBOMX YACTHBIX C/AydasX C H3JO0XKEHHBI-
vu B [18] u [19]. B nepmoii my6mukaunu MeTomOM
Donnu-ByrxayseHa OblJ1 MOJNyueH HePesNSTHBUCTCKHUN
raMUJbTOHUAH MJisi CBOOOJHOTO 3JEKTPOHA C Y4YETOM
BceBO3MOXKHBIX SME-nonpaBok B (pepMHOHHOM CEKTO-
pe. Bo Bropoit uccrenosasoch 1/c-npubinxkeHue BoO
BHELIHEM II0JIE.

3. Bonopomonono6HbIii aToM.
KBa3upeassTHBUCTCKUN TTOXXOX

PaccmoTpum cHauana ramusabToHHaH [laynu B Ju-
HeHHOM TMPUO/IMKEHHH TI0 b,

. P—byo)? h
o= B0 A M H L eb (26)
2m, 2mec
CoBeplIuM yHHUTApHOE NPpeoOpasoBaHHUe:
(I)p — (13;) = Up(I)p, (27)
P2
hp — hlp = UphpU}} 5 pH+o-b, (28)
=" o+t 1= —2[or] (29)
u_QmeC uA’ uA_meC ’
Up = exp {—700- r} (30)

Kaxk Buanm, mosiBuiach no6aBka K OMepaTopy MAarHHMT-
HOTO MOMEHTa 3JIeKTPOHA, MPHUBOMSLIAS K TOSIBJIEHHUIO
Yy 3JeKTPOHHOH 000JI0YKH AHAMOJBHOTO MArHUTHOTO
mMomeHTa [7]. Bosee mompo6HO 06GCymIHM 3TOT BOMPOC
HIXKeE.

[Tycts A* = {¢(r),0} u b={0,0,b35}, rne ¢(r) —
noTeHIMaN sapa. Toraa mnosyydalTcsi cCOGCTBEHHBIE CO-
CTOSTHHSI U CTMEeKTP HEeBO3MYIIEeHHOTO raMUJbTOHHAHA:

((I)fl))nlm/ms (r) = Rnl(r)yl,m[ (r/r)Xmg; (31)
(q)P)nlm/ms (r)= Rnl(r)yl,m[ (r/r)(1 +ibyo - r/h)Xm;

(32)

Enim, = Epy + 2b3ms, (33)

rne n = 1,2,3,...; [ =0,n-1, m = —I,1
ms = +1/2; xm, — COOCTBEHHBIE BEKTOPbI ONEpaTopa

z-cnuHa. 3gech Ry (r) u Er(l?) — paauajbHble YacCTH
BOJIHOBBIX (DYHKLUHMU M 3Heprusi npu by =0. Takum
o6pas3oM, B BedylleM MOpPsiiKe BiausiHue b cBoguTcs
K paciieryienuio Beandnnoil < 107* T o crnuHoBOMY
KBaHTOBOMY uwucay. [losromy nasnee Mbl paccMOTpPUM
1/¢? -npubmuxenne 1715 HeBO3MYIIEHHOTO FAMUILTOHH-
aHa B KYJIOHOBCKOM T10JIe B JIMHEHHOM TIPUOIHKEHHH MO
b* = {cby,0}. B stoM ciydae yHHUTapHOe Npeobpaso-
BaHHe CBOIHUT 3ajauy K 3amade npu by =0:

ho =boo) (| (b—byo)’\ _Ze?
2m, 4m2c? r
ze’n® (ol
— 2 34
4m2c? (r * 7r5(r)) (34)
- 2
Ot 0, O e (14 2
h=U"h|p—oU, U exp{ , <1+2m902r o-r
(35)
wbyr
Buin(r) = R ()] Vo)~ 2
2
<1+ ze >Yl’(r/r)} (36)
2m,cr
EZE@):_ZaneCQ 1+22a2 13
i o2 n \jr1/2 4n)|
(37)
e w=(=1)"7 =l npul=j+1/2,al'=2 1.

B utore peuienue npu by # 0 npencraBieHo SIBHO yepe3
peulenvie npu by = 0. B HepensiTUBUCTCKOM Tpesiesie

Rnlj(r) - Rnl(r) =

(38)

_ 973/2 (n—l— 1) _p/Q ZL(2[+1)( )
n?ag/2 (n+1)! e

rne p=2Zr/nay, ag= h?/m,e?
pajuyc.

— TepBbIi 60POBCKUH

4. Paznoxxenue ypaBHeHus [{upaka mo by

Paccmotpum Terepb cayuai b* = {h°,0} u A* =
= {Aée)(x) + ¢(r), A©®(x)}, ucnonb3ys cucTeMy eu-
Hun XsBucadga: A=c=1, a= %. 3agagumMcsl ra-
MusbTOHHAHOM (D) M mpeobpasyeM COOTBETCTBYHOIIEE

ypaBHeHue Jlupaka C TIOMOIIbID KaJauOPOBOYHO-HHBA-
PHAHTHOTO YHUTAPHOTO MPe06pa3oBaHHUS:

[ 2 _ 2 —iboAa [ f7 _ 2 iboAg.
H zat—>H zat—e H lat e ;
(39)
AA=2-r—mL(2-i+ )%, (40)
L=[rP]=—|Pr]. (41)

ByneMm wncnosb30BaTh KBafpaTUYHOE MPUOIKEHHE MO
by, Torma
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P

H =~ a(p—eA) + pm, +e(¢+ AS) -

b2 -~ A N 2
— ot = B — p, HO + D140, (42)
rae Hﬁ) [A©)] comep:KHT caraeMble BTOPOrO MOpSiJ-
Ka 170 by BO B3aMMOAEHCTBUH C BHEIIHHM TIOJIEM,
af=XIl+1. lo6aBouHble 3/eKTPUUECKAH ¥ MArHUT-

HbI MOMEHTBI HMEOT BU

R eb,

frg = —°[Zr], (43)
me

dp = —ivsfty = (44)

Kak BuIMM, B TepBOM MOpsiike MO by OTCYTCTBYIOT
HeJIMHelHble 10 ToJsM caaraeMble. Kpome Toro, Mo-
MeHT d; B3aHMOIEHCTBYeT TOMBKO C BHELIHHM 3JeK-
TPUUYECKUM TOJIEM, TIOCKOJIbKY /ISl IIeHTPAJbHOTO MOJIST
siupa dg - (—V¢) =0. AHajOrHuHOe MMEeT MECTO BO
BCEX MOPSIAKAX 10 by, Tak Kak [A g, ¢(r)] = 0. ITo sToit
e TPUUMHe BHJ onepatopoB d, H fi, He 3aBHCHT OT
nosisi ¢(r), B 4aCTHOCTH, OHH (POPMAJBHO HUMEIOT TOT
e BHJ| IJIST CBOGOJHOTO 3/IeKTPOHA. TeM He MeHee Halll
MOAXOJ MPUMEHHM TOJbKO MJiSi CHCTEM C pa3MepaMH,
MHOro MeHbIIMMH 1/by > 1073 cm.

[TycTb Aff) =0, Torna B LleHTPaJbHOM TIOTEeHLHaJe
cOoOCTBEeHHbIE (DYHKLMU MOXKHO BBIOPATh B BHJE

R (1YL, (r/r)

Protm (7, 1) = R,S”?,<r>Y¢;<r/r>

, (45)

roe n, =n—j— 1/2 — paguaibHOe KBaHTOBOE YHCIIO.
Kak 06bIYHO, KBAHTOBOE YMCJIO [ OMpesiesisieT YeTHOCTh
cocrosims P = (—1)!. Ha takux ¢yHKIMSX omepatop
fA° = f = 3(j + 1/2), Toraa mosydaeTcs CeKTp SHep-
THH

E=E=EO©

by
=G+ b= Bl 1/2) % 4

[

fl / e
st [ =j+1/2, npu 3ToM paaualbHble MHOXKHTEJH
R™?) ynetor ToT *e BUI, uTo ¥ npu by = 0. B cpennem
no Jwobomy cocTosiHHIO (45) oneparopel djq W i,
paBHBI HYJIIO, TOTOMY OHM He AT MOTPaBKH K dHEp-
THU B Cla0bIX BHEIIHUX 3JEKTPUUECKOM W MArHUTHOM
nonsix. Kak BUANMM, BO3HHKJO MAOTIONHHTEJNbHOE pac-
IenyieHre 1o OpOUTaNbHOMY KBAHTOBOMY UHCTY

2
(2 + 1)2—0. (47)

e

AE() = En, j+1/2,) = Eny =172, =
Mpu j=1/2 AE(j) < 10°Tu, 4to Ha yeTHIpe MOPsAKA
MeHblIiIe JISMOOBCKOTO CABUTa, OMHAKO B OTJIHUYME OT I0-
CJIe[IHEeT0, CYIIECTBYIOLIEr0 B OCHOBHOM JIJIsl S-COCTOSI-
HUH, paciiernsierue (47) naxke pacTeT ¢ yBeJHUYEHHEM j.

CoBepirasi  o6paTHoe TIpeoOpa3oBaHMe, TOJIyUaeM
BOJIHOBbIe (DYHKIIMH COOCTBEHHBIX COCTOSIHMU B HCXOJ-
HOM TIPEICTABJIEHUH:
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2752 2 2.2
Y1) = 700" 2n 0312

RWY! + by 1 ge) _ g Yh
X ”; (48)
)ROYE +by (=R +rR® ) V!,

Me

M3-3a npumecH MIApOBBbIX CIHHOPOB C APYTHM 3Haue-
HUeM OpOUTAaJIbHOrO MOMEHTa HapyllaeTcsi 4YeTHOCTb
COCTOSIHHH, OJHAKO <«JIOTHOCTb BeposTHOCTH» 1)ie)
ocTaeTcsi HeM3MeHHOH. I/l KyJIOHOBCKOTO TMOJIsI TIPH
by =0 crekTp W pagvanbHble PYHKIHH H3BeCTHHI 17,
§ 36] (MBI BBIMIHIIEM TOJNBKO TUCKPETHBIH CMEKTP):

20 N2\ 2

0 _ «

B -m(1+(22) ) e
R 2)\)32  [(me £ E, I (2y+n,+1)n,!
RO " ET G\ am 2oz (1 2 .

e~ N (2Ar) ! <<f + Z O;’") L @A)+

+(1-6, O)L(Q”I(QAr)> (50)

A=\[m2—E9" y=\J(+1/2? = (Za). (5D)

Takum o6paszom, mpu by #0 B KYJOHOBCKOM ToOJe€
CHUMaeTCsI «CjlyuailHoe» BBIPOXKAEHHe MO KBAHTOBOMY
uncny [ payke 6e3 yueTa pajMaAlMOHHBIX MONPABOK
K 3akoHy KysnoHa.

5. ManyueHue aToma Bogopona. AcumMmeTrpus
AuarpaMMbl HarpaBJeHHOCTH

B nocsienHem pasnesie Mbl IpUBeIEM TPUMep JIHHEH-
HOTO TI0 by paJHalHOHHOTO 3(PQeKTa, MOosBASIONIeroCs
B cyuae by # 0. Pacemorpum npu b* = {cby, 0} n3ny-
yeHHe aToma Bomopona (Z = 1) B npubmuxenun [lay-
au. Cresnaem yHutapHoe npeodpasoBanue (28), Torma
eIMHCTBEHHBIM UJIEHOM, COMepXKallluM by, OCTaHeTCs
—f14 - H. Ucnonb3ys BTOPUUHO-KBAHTOBAHHOE BbIPa-
XeHue /s noJsi GoToHOB A B KYJOHOBCKOH Kasnb-
POBKe, MOJYYHM YTJIOBOE pacrpeesieHHe BepOSITHOCTH
naaydenus: [20, §9]

d‘Vfl(k,)\) (US ) 2
— *(k) - my: N 1
e = 5o [V 0wy (N + 1),

(52)

|k| = w/c=(E; —E;)/hc >0, X=1,2; (53)
m=ef—§(k-f)f—[%x,a], (54)

rie k,\ — uMnyabc ¥ moisipusanus (orona, e —
BeKTOp moJsipusainu Gporona, Ny (k) — uucyao ¢poToHOB
B mome {k, A}, (f| n |i) — koHeuHOe M HauambHOE
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COCTOSTHUSI 3/IEKTPOHA, a OTepaTop MarHUTHOTO MOMeH-
ta f1 onpenessiercss dopmysoi (29). Ianee OGymem
cuutatb N,(k) =0, T.e. paccmaTpuBaTh CIOHTaHHOE
H3JIyueHHe.

Hsnyuenue, cBsi3aHHOe C HapylleHHEM YeTHOCTH
(manee — Al-usnydeHue), UMeeT TakHe Ke TpaBHJIA
otbopa, Kak mis El-u3aydeHus, HO COOTBETCTBYIO-
LUK MATPUUHBIA 3JeMeHT [epexofa HMeeT BHUI, KakK
y M1 -usnyuenus. [lostomy Al- u El-poroHbl 006-
JIaJal0T OJUHAKOBOH MYJbTUIOJbHOCTBIO, HO pPa3HOU
YeTHOCTbIO. JIMHelHble MO by TMOMPaBKH K YIJIOBOMY
pacrpenesieHHI0 00yCIOBJE€HbI HHTep(epeHIHedl 3THX
IBYX THUTNOB wn3aydenus. [locie HHTeTpHpoBaHHS MO
cepe 3TH BKJAJbl HCUE3AI0T M3-32 CBEPTKH BOJHOBBIX
GhyHKIHH (DOTOHOB € Pa3HOU UETHOCTHIO. DTO 0O3HAYAET,
9TO OTCYTCTBYIOT JINHEHHBIE MO by BKJAIB B MOJHYIO
BEPOSITHOCTb HU3JyUeHHUS .

HuTephepeHloHHOe cJjlaraeMoe He 0oOpallaeTcs
B HyJb, HANIPUMep, NS Nepexoa 2pi/o1/2 — 1S1/9.-1/2
(B HMXKHEM HHAEKCe — TMOJHbIH MOMEHT j H €ro
z-npoekuusi m). PacyeTsl MoKa3bIBaloT, UTO MOCHE CYyM-
MHpOBaHUs 10 A = 1,2 mosyuaercsi cienyloiiee pac-
npenesneHe BepOSITHOCTH M3JydeHHUs 1o chepe (O —
yroJ MeXxny R ¥ ocblo 2):

dW  512a3R 8bg

bl B | 2 -

i, 6561 { + cos” © + o cos @}, (55)
rne R = % ~ 2.07 - 1016 ¢=! — nocrostuuas

Pun6epra. Kak Bumum, OTHOCHTe/bHAsI BeJWYHHA Ha-
pYIIeHHs] R-YeTHOCTH pacrpelesieHUsi UMeeT MOPSIIoK
|bo|/mec < 2- 1078, Pacnipenesenvie (55) n3obparkeHo
Ha PUCYHKe CIJIOIIHOH KPHUBOMH, B TO BpeMsi Kak MyHK-
THPOM H3006paxkeHo pacripenenenne npu by =0. Hnas
HaTJIIHOCTH B3ATO by/mec = 0.05.

(xy)

YriioBoe pacrpeeeHye ClIOHTAHHOTO H3JYYeHHs 115
nepexona 2pyss.1/2 — Lsyo 172

Pacripesiesierivie BeposITHOCTH [IJIsI HEMOJISIPH30BaH-
HBIX aTOMOB TOJIyYaeTcsl TOC/Ie YCPeIHEHHS BeposiT-
HOCTell MepexofloB M0 KBaHTOBBIM uucaam m,m’. DTo
pacrpejieieHue SIBJIsieTCs] ChepudecKru-CUMMeTPUUHBIM
(a 3HauuT, R-ueTHBIM), BCJIEICTBHE HEHAPYIIEHHOH MPH
by #0 SO(3)-unBapuanrnoctd. CirenoBaresbHO, JH-
HelHble 110 by c/jaraeMble, SIB/SIOLIMECS R-HEUYETHBIMHU,
OTCYTCTBYIOT B yCPEIHEHHOM pacrpeIesieHHHU BeposiT-
Hoctd., OGCyXIeHre MeTON0B CO3JaHHs MOJSIPH30BaAH-
HBIX aTOMHBIX COCTOSIHHMH MBI OCTaBMM 3a paMKaMH
Halllero pPacCMOTPEHHUsI, OTPaHHUHBIINUCH JIUIIb 1EMOH-
CTpallMell HOBOrO MeXaHHW3Ma HapyllleHHs P-ueTHOCTH
B aTOMHBIX Iepexojiax.

JakaoueHne

WUrak, Mpl nomyuummu 1/c®-npubimkenve K ypas-
Henuto Jlupaka ¢ SME-nonpaskoit b*. C nomolibio
pa3JIoXKeHHsT PesITHBUCTCKOTO ypaBHeHHs1 [lupaka 1o
by uccienoBaHa 3agada Ha COOCTBEHHbIE COCTOSTHHS
3MEeKTPOHA B LEHTPAJbHOM MOTeHIHaNe, PelleHHs KO-
TOPOH BBIpaKeHbI Yepe3 UX BUA npu by =0, B bg-npn-
OMKeHUH. B KyJOHOBCKOM ToTeHLHAse pelleHHs Hal-
IIeHBl sIBHO. B 3TOM ciyuae BO3HHMKaeT KBajpaTHYHOE
no by paculenjeHde 10 KBAHTOBOMY uucay [, He
ucyeszawilee npu Gonbmux j. C MOMOLIBIO yHHTap-
HOTO MpeoOpa3oBaHUs TMOJYYEeHbl TaKxKe bp-TONpPaBKU
K orepaTopaM 3JeKTPHUECKOT0 H MarHHTHOTO JHIOJb-
HOTO MOMEHTa 3JIeKTPOHA, TPUBOJSIINE K MOSIBIEHUIO
Y 3JIEKTPOHHON 000JIOUKH «aHATOJbHOT0» MOMeHTa [7].
HaxkoHerr, nponeMoHCTPUPOBAHO HapylIeHHe LEeHTPasb-
HOH CHMMeTpPHH JHarpaMMbl HalPaBJIeHHOCTH CIIOHTAH-
HOT'O H3JIyueHHs TIOJSIPU30BAHHOTO aToOMa BOLOPOJA,
00yCJ/IOB/IEHHOE HapylIeHHeM YeTHOCTH H3-33 HaJnuus
HeHyJIeBOro by .
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